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Silica overlayers deposited on Zr02 and TiOz by chemical vapor deposition of Si(OCZH5), have been 
characterized by using temperature-programmed desorption of pyridine and Auger electron spectroscopy 
(AES). On ZrOz, the pyridine uptake decreased slowly with silica deposition until the silica fraction (Si/(Si + Zr)) reached 40%; then it decreased strongly with further deposition. On TiO,, with silica deposition 
pyridine adsorption also decreased slowly up to an AES silica fraction of 45%. With additional deposition 
of silica, the pyridine uptake then remained constant. These results agree with our previous conclusion 
that a thin SiO, film covering the entire substrate was formed on ZrOz and that a mixed oxide layer was 
formed on Ti02. 

Introduction 
Preparation of metal oxide thin films by chemical vapor 

deposition (CVD) of organometallic molecules has been 
common in such fields as solar energy conversion,1,2 cor- 
rosion pr~tec t ion ,~  electronic devices,4p5 chemical sensors,6 
and ~a ta lys i s . '~  In catalysis, for example, CVD has been 
used in preparing model catalysts with interesting prop- 
erties, e.g., mixing two different oxides often results in the 
generation of new acidic sites.1° in mixed oxides con- 
taining Si02 (A1203-Si02, for instance), Brernsted acid sites 
are believed to be formed on Si02 and Lewis acid sites on 
the other component.1° Preparation of a uniform thin silica 
film on a second oxide support might result in only 
Brernsted sites on the surface, providing a good model for 
studying oxide interactions. 

Imizu et  al.9 reported that silica, which is normally in- 
active for chemisorption of pyridine, was activated by its 
deposition on MgO. However, the morphology of the silica 
overlayer has not been investigated. In previous work from 
our laboratory,'lJ2 a morphological study of silica over- 
layers derived from Si(OC2H5)4 vapor-deposited on ZrOz 
and Ti02  was carried out by using ISS, AES, and Ar+ 
sputtering depth profiles. The results indicate that on 
Zr02, Si(OC2H5), decomposed to form a thin SiO, film, 
whereas on TiOz, it formed a mixed oxide layer. For both, 
very little C was retained, but somewhat more was retained 
on TiOz. In the present study, the chemical properties of 
the silica overlayers have been examined by using tem- 
perature-programmed desorption (TPD) of pyridine. Our 
results support previously proposed models for overlayer 
morphology. 

Experimental Section 
The ultrahigh vacuum (UHV) system for TPD and AES was 
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chambers, one for dosing and reaction and the other for TPD and 
AES analysis. A differentially pumped and sealed polished rod 
was used to transport the sample between the chambers. Base 
pressures in both chambers with 5 X lo4 Torr. Tetraethoxysilane 
(Si(OCZH5),) was introduced only into the dosing chamber. 

ZrOz, obtained by calcination at 840 K of Zr(OH), and prepared 
from zirconium nitrate, and Ti02 (Degussa) had surface areas of 
50 m2/g as measured by N2 adsorption. As previously de- 
scribed,'*J5 the oxide substrates were mounted by pressing the 
powders into a 1-cm2 Ta mesh that had been spot welded over 
two tantalum heater leads. The temperature was monitored by 
a chromel-alumel thermocouple also spot welded on the Ta mesh. 
The highest temperature reached was 900 K. Prior to TPD 
experiments, the samples were evacuated at 800 K for 20 min to 
remove the adsorbed water and carbon monoxide. 

Si(OC2H5), (99.999%, Alfa Products) was introduced as a gas 
into the dosing-reaction chamber through a reentrant Pyrex tube 
that passed through the vacuum chamber wall with a glass-to- 
metal seal. The end of this tube was located about 10 mm from 
the sample. The liquid alkoxide source was contained in an 
external Pyrex tube separated from the UHV system by two 
greaseless stopcocks. Si(OC,H5), was dosed in cycles (10" Torr, 
300 K, 10 min), each of which was followed by flash heating to 
113 K. 

Results 
Thermal Decomposition of Si(OC2H5)& Silica was 

deposited on ZrOz and TiO, by repeated cycles of dosing 
and thermal decomposition. Each dosing cycle was fol- 
lowed by AES measurement and pyridine TPD to deter- 
mine the correlation between surface silica coverage and 
chemisorption properties. Gas-phase Si(OC,H,), gives a 
number of fragments in mass spectra, the major ones, in 
order of intensity, being a t  m l e  149,79,119, and 163. In 
the present study, mass numbers 28, 45, and 79 were 
monitored in TPD for expected decomposition products, 
ethylene and ethanol, and undecomposed Si(OC,H,),. 
Domination by ethylene of mass 28 was confirmed by 
following masses 26 and 27 in some experiments. 

T P D  of Si(OC,H,), dosed onto Zr02, TiO,, and Si02 
confirmed earlier data obtained from mass signals 27 and 
163.16 Only the desorption of undecomposed Si(OC,H,), 
was observed for a bulk SiOz substrate a t  390 K. In our 
earlier work, desorption peaks of m l e  163,27, and 18 were 
observed a t  550-650 K.16 These peaks were identified as 
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Figure 1. TPD peak areas versus dose time for pyridine dosed 
on ZrOz (0) and TiOz (0) at 300 K and Torr. 
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Figure 2. TPD profiles for pyridine desorption from silica-co- 
vered zirconia (upper panel) and titania (lower panel). The four 
curves in each of the two panels correspond to different numbers 
of cycles of dosing Si(OC2H5)4 (see text). From top-to-bottom 
in each panel: first, sixth, twelth, and twentieth dose. 

desorption and decomposition of Si(OC,H,), condensed 
on the copper block14 when liquid nitrogen was used for 
cooling. For ZrOz and Ti02, significant desorption of 
ethylene (28 amu) was observed a t  590 and 640 K, re- 
spectively. The desorption peaks for mass 79 (%(OH),+) 
and 45 (OC2H5+) were negligible for both substrates. 
Besides ethylene, water was the only significant desorption 
product, and it desorbed above 700 K. 

Torr, 2 min) a t  300 K. On Zr02, ethylene desorbed a t  330 
K. No significant desorption was observed on Ti02. 

TPD of Pyridine. Temperature-programmed desorp- 
tion (TPD) of pyridine was carried out after each Si(0- 
C2H5)4 deposition cycle. Pure Si02 (Cab-0-sil) did not 
show any desorption when pyridine was dosed a t  423 K. 
Figure 1 plots the T P D  peak area of pyridine dosed on 
ZrOz and Ti02 a t  423 K vs exposure. Saturation was 
reached with a pyridine exposure of Torr for 5 min. 
Figure 2 shows the T P D  profiles of saturation pyridine 
(based on the parent fragment) dosed on ZrOz and TiOz 
after the first, sixth, twelfth, and twentieth Si(OC2H5), 
deposition cycles. For both substrates, pyridine desorbed 

Molecular ethylene was dosed on ZrOz and TiOz 
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Figure 3. Surface composition by AES and TPD peak areas as 
a function of the number of Si(OC2H5)4 doses on ZrO,: (0) 
calibrated AES peak-to-peak height ratio, Si/(Si + Zr); (A) 
ethylene TPD peak area; (0) pyridine TPD peak area. 
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Figure 4. Surface composition by AES and TPD peak areas as 
a function of the number of Si(OC2H5)4 doses on Ti05 (0 )  
calibrated AES peak-to-peak height ratio, Si/(Si + Zr); (A) 
ethylene TPD peak area; (0) pyridine TPD peak area. 

in broad peaks, indicating that the adsorption sites are 
heterogeneous. The amount of desorbed pyridine de- 
creased as the amount of silica deposited increased. The 
rate of decrease after the twelfth Si(OC2H5), deposition 
cycle became higher for Zr02, but not for Ti02. 

Surface Composition and Amounts of Pyridine 
Adsorbed. To correlate the amount of Si02 deposited 
with the pyridine T P D  area and with the amount of 
ethylene arising from Si(OC2H5)4 decomposition, Auger 
electron spectra of the samples were recorded after each 
silica deposition cycle. Figures 3 and 4 summarize the 
surface fraction of Si for ZrOz and Ti02, respectively. The 
relative AES sensitivities of Si (91 eV), Zr(147 eV), and 
Ti(396 eV) are based on handbook values." TPD amounts 
are normalized to the sample weights of ZrOz and Ti02. 

For the first few cycles and for both substrates, the 
fraction of silica, Si/(Si + Zr) or &/(Si + Ti), increased 
rapidly. After about 12 cycles, the rate of growth slowed, 
and the Si fraction stabilized a t  41% for ZrOz and 46% 
for TiOz. 

Figures 3 and 4 also show that the pyridine uptake de- 
creased with the number of the dosing cycles of Si(OC2H5),. 
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For ZrO,, the decrease was slow through the first 12 Si- 
(OC2H5)4 deposition cycles, but further cycles led to a more 
rapid decrease (Figure 3). In the case of TiO,, however, 
the TPD amount of pyridine decreased steadily during the 
initial cycles but remained steady after the twelfth dosing 
cycle (Figure 4). 

The amount of ethylene desorbed versus the number of 
dosing cycles differs for the two supports. For ZrOz, after 
20 deposition cycles (lo-, Torr, 300 K, 10 min, followed 
by flash heating) the TPD peak area decreased about 60% 
(Figure 3), while in the case of TiO,, the decrease was less 
than 30% (Figure 4). 

Discussion 
Recent ion scattering spectroscopy work1'J2 showed that 

as the AES fraction of silica approached 40% during CVD 
of Si(OC2H5)4, the ZrOz surface was more than 90% cov- 
ered with silica. The TiO, surface, on the other hand, was 
never more than 70% covered, even though the AES 
fraction reached 4550%. The present AES data (Figures 
3 and 4) are in close accord. 

The T P D  results (Figure 41, however, show that the 
amount of ethylene desorbing from Si(OC,H,), remains 
high for TiO, even after the silicon fraction in the surface 
layer stops rising. This indicates continued silicon ethoxide 
decomposition even after reaching maximum coverage 
( 7 0 % " ~ ~ ~ )  of the TiO, surface. TPD of pyridine (Figures 
2 and 4) also shows a constant peak area after the twelfth 
dosing cycle, indicating that pyridine uptake is not affected 
by additional silica deposition. T P D  of both ethylene 
(from Si(OC,H,),) and pyridine strongly suggests that the 
struct,ural and chemical properties of the top layer are not 
changed by further deposition of silica. As noted earlier, 
bulk SiOz adsorbs no pyridine a t  423 K. However, it  has 
been reported that mixing TiO, with SiO, (by coprecipi- 
tation) results in the generation of acidic sites1* which do 
adsorb pyridine. The present results are consistent with 
a model', wherein Si(OC2H5), decomposes on TiO, to form 
a mixed oxide layer, probably including SiO, islands or 
clusters. Beyond a certain number of cycles, the chemical 
composition of the mixed oxide layer does not change 
significantly during deposition of silica. This mixed layer 
retains sufficient acidity to adsorb pyridine. 

In the case of ZrO,, ISSI2 shows that the substrate was 
fully covered as the AES fraction of silica (Si/(Si + Zr)) 
reached 40%. The pyridine uptake, however, decreased 
only slightly under these conditions (12 decomposition 
cycles of Figure 3). We conclude that the supported 
thin-film silica, prepared by CVD of Si(OC2H5),, differs 
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significantly from bulk SO2,  which does not chemisorb 
pyridine. In these thin films over ZrO,, silica shows sig- 
nificant chemisorption activity for basic molecules. The 
activation of the silica by the ZrO, support may be due to 
a charge r e d i s t r i b u t i ~ n . ~ J ~ J ~ ~ ~ ~  The latter could occur if 
the thin layer of surface silica followed the atomic ar- 
rangement and spacing of ZrO,. 

Since the surface of ZrO, was completely covered after 
the twelfth dosing cycle (Figure 3), any further silica de- 
position is believed to build up a second layer and/or 
islands on the first layer.', The strong decrease in pyridine 
uptake after the twelfth silica deposition cycle (Figure 3) 
is consistent with this model.', As the silica overlayer 
becomes thicker, its chemical properties are more like those 
of bulk SiOz. 

Decomposition of Si(OC,H,), over various metal oxides 
has been discussed previously.16 Since directly introducing 
ethylene to ZrO, and TiO, did not result in ethylene de- 
sorption above 500 K, the temperature of the ethylene 
desorption from Si(OC2H5), must reflect the Si(OC,H,), 
decomposition temperature. The fact that ethylene from 
Si(OC,H,), desorbed a t  a lower temperature from ZrO, 
than from TiO, may suggest that ZrO,, with acid-base 
bifunctional sites,1° is more favorable for Si(OC2H,), de- 
composition than the more acidic Ti0z.10,21 

Summary 
1. Unlike bulk SiO,, silica thin films deposited on ZrO, 

by CVD of Si(OC,H,), are active for pyridine chemisorp- 
tion, indicating that acidic sites are generated on the 
supported silica film. 

2. On ZrO,, the amount of chemisorbed pyridine de- 
creases sharply as the silica film thickness increases beyond 
completion of the first layer. 

3. On TiOz, the amount of chemisorbed pyridine first 
drops as SiOz is added but then becomes independent of 
further silica deposition. 

4. Observations 2 and 3 above support the formation 
of silica overlayer films on ZrO, and mixed oxide layers 
on TiO,. 
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